Empathy is a complex psychological phenomenon crucial for social perception and interactions. Several lines of evidence suggest that the right temporo-parietal junction is involved in self-other control mechanisms that play an important role in empathic responses. However, limited direct evidence of the involvement of this region in empathic responses is currently available. In this study, inhibitory transcranial direct current stimulation over this region influenced empathic responses to others' pain. It was found that compared to participants that received anodal or sham transcranial direct current stimulation, participants who received cathodal transcranial direct current stimulation over the right temporo-parietal junction perceived the pain of others as less intense compared to sham stimulation and showed decreased late event related potentials to facial expressions of pain. Furthermore, it was found the stimulation had no significant effect on measures of sensorimotor resonance and physiological responses to pain in others. Our results demonstrate that the right temporo-parietal junction plays a role in empathic responses and that its inhibition can decrease behavioural and cerebral measures related to the cognitive-evaluative component of empathy. It is proposed that the right temporo-parietal junction is a valid stimulation target to study the influence of self-other control in empathic processes and could be useful to study the involvement of this region observed in clinical conditions characterized by altered empathic responses.
Introduction
Empathy is a complex psychological ability that relies on several neurocomputational processes. Several theoretical models attempt to explain empathy (Bird and Viding, 2014; Decety and Jackson, 2004; Singer and Lamm, 2009; Zaki and Ochsner, 2012) , but it is commonly agreed that there are at least two broad processes underlying empathic experiences: (1) the vicarious experience of others' states or the affective component empathy and (2) the understanding and evaluation of these states or the cognitive-evaluative component of empathy (Bird and Viding, 2014; Lockwood, 2016; Singer and Lamm, 2009; Zaki and Ochsner, 2012) .
Neuroimaging studies investigating empathy have established a somewhat clear difference in timing and networks between the affective and the cognitive-evaluative components of empathy. Fan and Han (2008) suggested that event-related potential (ERP) responses to visual stimuli depicting others in pain show distinct components for the affective and cognitive-evaluative components of empathy. According to these authors and others Fan et al., 2014; Han et al., 2009) , early negative ERP components measured between 100 and 300 ms after stimulus onset (N110 or N200) are associated with early affective responses of orienting and arousal to others in pain. These responses have been suggested to be relatively automatic and not influenced by cognitive or top-down reappraisal of the stimuli (Decety et al., 2015) . On the other hand, later components, occurring after 300 ms (P3 or LPP), are associated with the cognitive appraisal of the stimuli and their amplitude was shown to be modulated by social context or attentional focus on pain cues (Chen et al., 2012) . Affective sharing of another's pain has also been suggested to rely on sensorimotor resonance indexed by the suppression of the sensorimotor mu alpha oscillations over the central areas (Chen et al., 2012; Perry et al., 2010; Yang et al., 2009) . Functional resonance imaging studies suggest that the affective component of empathy is linked with the activity of regions such as the anterior cingulate and insular cortices involved in integrating and processing interoceptive information (Lamm et al., 2011; Zaki and Ochsner, 2012; Zaki et al., 2007) . The cognitiveevaluative component of empathy relies on a different network of cortical regions such as the medial prefrontal cortex, posterior superior temporal sulcus, temporal poles and the temporo-parietal junction (TPJ; Decety and Lamm, 2007; Lamm et al., 2011; Van Overwalle and Baetens, 2009; Zaki et al., 2009 ). In the context of pain empathy, the TPJ has been shown to be activated in situations requiring to infer that someone else is receiving a painful stimulation during the presentation of an abstract cue (Lamm et al., 2011) , to imagine how another would feel when experiencing a painful stimulation depicted in a picture (Jackson et al., 2006; Lamm et al., 2007; Vistoli et al., 2016) or when viewing facial expressions of pain (Botvinick et al., 2005) .
Several studies have highlighted the key role of the TPJ in the processing of social stimuli (see Carter and Huettel, 2013; Decety and Lamm, 2007) . It is consistently activated during tasks requiring the attribution of mental states in others (Saxe and Kanwisher, 2003; Saxe and Wexler, 2005) and the adoption of another' perspective (Jackson et al., 2006; Lamm et al., 2007) . Recent neurostimulation studies targeting this region have, however, refined our understanding of the TPJ involvement in social processes. In a seminal study, Santiesteban et al. (2012) found that anodal stimulation over the right TPJ (rTPJ) led to improved performance in perspective-taking and imitation tasks requiring the on-line control of self-other representation, but had no effect on a mental state attribution task that did not require such control. Similarly, Mai et al. (2016) observed that cathodal stimulation of the rTPJ decreased the accuracy of participants' mental state and emotion attribution in social vignettes, but not the accuracy of other non-social judgments. These results and others (Bardi et al., 2016; Sellaro et al., 2015; Sowden et al., 2015; Krall et al., 2015) suggest that the precise role of the rTPJ in social cognition is the control of self and other representation. This control can be defined as the ability to switch attentional focus between co-activated self-and other-related representations according to their respective task relevance (Cook, 2014; Hogeveen et al., 2014; Santiesteban et al., 2012) . The functional lateralization of the TPJ in the control of self-other representations remains unclear. While similar effects to those obtained when using tDCS on the rTPJ have been found for left TPJ stimulation (Santiesteban et al., 2015) , several studies suggest a predominant implication of the rTPJ in social processes (Aichhorn et al., 2009; Saxe and Wexler, 2005; Schurz et al., 2013) .
Despite its seemingly crucial role in the phenomenon of empathy and social cognition in general, no study has, to our knowledge, studied the involvement of this region in the perception and evaluation of others' states by using neurostimulation techniques that can directly influence the activity of the rTPJ. Such investigation could improve our understanding of the role of the rTPJ in empathy and also assess the potential of targeting this region with neurostimulation in clinical interventions in populations showing empathy deficits. The current study therefore aimed at assessing the precise implication of the rTPJ on the behavioural, physiological and cerebral responses to the pain of others using a randomized, double-blind, sham controlled design. tDCS was used to modulate the activity of the rTPJ and the influence of this stimulation on several behavioural and electrophysiological measures taken while participants witnessed limbs receiving painful stimulations (sensory cues) or individuals expressing pain without cues on the origin of this pain (emotional-communicative cues) was measured. This investigation was restricted to measures that have been previously shown to be associated with empathic responses to pain in others and used measures that are thought to reflect the affective components of empathy (N200 ERP component, mu rhythm suppression and autonomic nervous system responses) and the cognitive-evaluative component (LPP ERP component, evaluation of others' pain). For the sake of completeness, the P2 ERP component was also analysed due to its role in emotional face processing (e.g. Sheng et al., 2015) but no specific hypothesis was formulated regarding this component. For the other measures, it was hypothesised that the stimulation would not have any effect on the measures associated with the affective component of empathy. As for measures associated with the cognitive-evaluative component of empathy, it was expected that, compared to a sham stimulation, the anodal stimulation of the rTPJ would be associated with an increase in vicarious pain responses relative to responses to neutral stimuli, whereas the cathodal stimulation would be associated with a decrease of these responses. Finally, it was hypothesised that the effect of tDCS on all measures would be more evident for emotionalcommunicative cues compared to sensory cues due to their more social nature.
Materials and methods

Participants
Fifty healthy right-handed adults were recruited through advertisements sent to a university e-mail list, and gave written informed consent to take part in this study. Exclusion criteria included any reported history of painful, neurological or psychiatric disorder, work experience as a healthcare provider and any contraindication to tDCS stimulation. Participants were randomly assigned to one of the three stimulation group (Anodal, Cathodal and Sham) by an external collaborator that did not take part in data collection or analyses. Two outlier participants, that did not comply with task instructions and regularly rated no pain frames as more painful than pain frames (painno pain ratings difference < −2.5SD from their respective group means), were excluded from the sample. The final sample was thus composed of 48 participants (16 per stimulation group). This sample size was chosen based on previous studies (e,g. Santiesteban et al., 2012) . As shown in Table 1 , the groups did not significantly differ in terms of age, male/female ratio, self-reported empathy (measured with the Interpersonal Reactivity Index; Davis, 1983) and self-reported alexithymia (measured with the Toronto Alexithymia Scale 20 items; Bagby et al., 1994) . The Institut de réadaptation en déficience physique de Québec research ethics committee approved this study and participants received a monetary compensation (30 $CAD) for their involvement.
Transcranial direct current stimulation (tDCS)
tDCS was delivered to the participant's head by a battery-driven constant current stimulator (Eldith, NeuroConn GmbH, Germany) using 5×7 cm rubber electrodes placed into saline soaked sponges. The rTPJ stimulation site was determined by locating the CP6 position of the international 10/20 EEG placement system (Jasper, 1958) and the return electrode was placed at the Cz position located using the same system (as in Santiesteban et al., 2012) . A constant current of 2 mA was applied for 20 min with a linear fade in/fade out of 30 s. This stimulation intensity was chosen based on previous tDCS intervention studies targeting the TPJ (Brunelin et al., 2012; Mondino et al., 2015) . Participants in the Anodal and Cathodal group received the according stimulation over the rTPJ site with the return electrode placed at the vertex. For participants in the Sham group, the Anodal or Cathodal electrode was placed on the CP6 location and the current was applied for only 30 s before ramping down in order to create similar initial sensations as the real stimulation. Fig. 1A shows the estimated electrical current density induced by this stimulation. This estimation was obtained by using the SimNIBS software (Thielscher et al., 2015) with the following parameters: 1 mm thick rubber electrodes with elliptical connectors placed in 3 mm sponges and default tissue connectivity values (grey matter: .276 S/m, white matter: .126 S/m, cerebrospinal fluid: 1.654 S/m, bone: .010 S/m, scalp: .465 S/m). After the stimulation, the participants were asked to rate, on a scale of 0-10, the persistence of possible effects to the stimulation (e.g. itching, tingling, headache, etc.). The majority of participants (56.25%) reported no persistent effects, while the rest reported mild effects such as slight tingling, itching, or minor pain on the scalp (participants reporting mild effects: Anodal: 69%, Cathodal: 43%, Sham: 25%). At the end of the experiment, the participants and the main experimenter rated how strongly they believed that a real or sham stimulation was delivered during the experiment using a visual analog scale (VAS) with the labels "Active stimulation" and "False stimulation" [in French: "Stimulation active" and "Fausse stimulation"]. Belief ratings on the VAS were converted to a 0 (false stimulation) to 100 (active stimulation) scale and the average belief ratings for each group are shown in Table 1 . Belief ratings were compared between groups using one-way ANOVAs. These analyses indicated that there was no significant group differences for participants' belief ratings [F(1, 45)=1.14, p=.329, ƞ 
EEG recordings
EEG activity was acquired from 128 electrodes using a Hydrocel GSN sensor net contacting scalp surface by way of saline-soaked sponges (Electrical Geodesics, Inc., Eugene, OR) and a direct current amplifier. The sensor net was fitted according to the manufacturer's specifications. The sampling rate was 500 Hz, with acquisition reference at the vertex (Cz) and an isolated common as ground. Impedances were maintained below 50 kΩ, as recommended by the manufacturer. To insure that the impedances were maintained below this threshold for the whole experiment, they were verified after each experimental block using the impedance measurement tool of the Net Station acquisition software (Electrical Geodesics, Inc., Eugene, OR) and electrodes were resoaked when necessary.
Physiological recordings
Physiological recordings were performed using a Biopac MP 150 system (Biopac Systems Inc, Santa Barbara, CA) and all signals were sampled at 1 kHz with the Acqknowledge v.4.0 software (Biopac Systems Inc). Skin conductance in micro-Siemens (μS) was measured using two electrodes placed on the distal phalanges of the index and middle fingers of the left hand. The electrocardiogram (ECG) was recorded using a standard bipolar lead II montage with two electrodes placed below the left and right clavicles, and a ground electrode was placed on the left lumbar region of the abdomen.
Visual stimuli
The visual stimuli consisted of still frames depicting hands in everyday situations or facial expressions. The hands stimuli were 40 different stimuli of male or female hands in painful situations (e.g. under a hammer) or in neutral situations (e.g. picking up a tissue) presented in a third person point of view. Facial expressions stimuli consisted of 10 different actors (five females) producing facial expressions of intense pain or neutral facial expressions for a total of 40 different face stimuli (20 pain and 20 neutral). Both stimuli sets were used and validated in previous studies (hands : Canizales et al., 2013; Marcoux et al., 2013; facial expressions: Simon et al., 2008 facial expressions: Simon et al., , 2006 . Visual stimuli were presented at their original resolution of 853×480 pixels (hands) or 720×480 pixels (faces) on a 19-in. monitor located at approximately 60 cm from the participant using E-prime 2.0 professional software (Psychology Software Tools Inc., Sharpsburg PA, USA).
Procedure
Participants sat in a soundproof and dimly lit booth. After giving informed consent, electrodes for physiological recordings and tDCS were installed. Participants were told to remain still and calm but awake for the next 20 min and to avoid touching the electrodes during the stimulation. Since it was shown that, using the same tDCS parameters used here, participants can often correctly determine whether they received an active or sham stimulation (O'Connell et al., 2012) , instructions regarding the sham conditions were counterbalanced to attempt to mitigate this confound. Therefore, half of the participants (see Table 1 "Sham disclosure") were told before the beginning of the experiment that they could receive a false stimulation while the other half was not aware of the possibility of receiving a sham stimulation. No further precision on the nature of the false stimulation and its difference with a real stimulation were given. The main experimenter who placed the tDCS electrodes, interacted with the , Cz (red), Pz (green), C4 (purple) and C3 (orange) clusters. These figures were created using the SimNIBS (Thielscher et al., 2015) and Brainstorm softwares (Tadel et al., 2011) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) participant, and gave instructions for the task, was blind to the stimulation condition (sham or active). A research assistant remained with the participant during the stimulation, monitored the impedance level and resoaked the electrodes when necessary. This assistant was not fully blind to the stimulation condition since the stimulation type could be deduced from monitoring the impedance level. However, this assistant had minimal interactions with the participants and took no part in data analyses.
After the stimulation, the tDCS electrodes were removed and the EEG net was installed. The average time between the end of the stimulation and the beginning of the behavioural task was approximately 12 min (SD=2.94). For the behavioural task, participants were instructed that for each trial, they would have to observe a picture showing someone in pain or not and that they would have to evaluate the intensity of the pain of this person by moving a cursor on a VAS. They were also instructed to stay still and to refrain from blinking as much as possible during the fixation cross and picture presentation, and to enter their response only when the VAS scale appeared. Each experimental trial began with a fixation cross presented at the center for the screen for a jittered duration (1000-4000 ms, mean 2500 s) followed by the picture for 2500 ms and by a 2000 ms blank screen inserted to allow adequate measurement of skin conductance responses before the participant moved to answer. After this blank screen, a response screen was presented with the VAS. The VAS was presented for 3500 ms with the label "No pain" at the left extremity and the label "Worst pain imaginable" on the right extremity [in French: "Aucune douleur" and "Pire douleur imaginable"]. A cursor initially appeared at a random position on the VAS and participants were asked to evaluate the intensity of the pain experienced by the person in the picture by moving the cursor on the VAS using two adjacent keys on a response box using their right index and middle fingers.
Four practice trials were first performed with stimuli not included in the task and were followed by four sessions of 40 experimental trials for a total of 160 trials (40 trials by condition; painful faces, painful hands, neutral faces and neutral hands). All trials were presented in a pseudorandom order with the constraint that all 80 individual stimuli had to be presented a first time before any stimulus could be presented a second time. The experimental task lasted for approximately 40 min and participants filled the self-report questionnaires after the experiment.
Analyses
All statistical analyses were performed with SPSS Statistics for Windows Version 20.0 (IBM Corp., Amonk, NY). A significance threshold of p < .05 was used and Greenhouse-Geisser correction was applied when the sphericity assumption was violated in repeated-measures analyses. Independent samples t-tests used to assess the effect of the order of the "Sham disclosure" (see section 2.6 Procedure) revealed no significant effect of this factor on any of the behavioural or physiological measures (all ps > .05). This factor was therefore not considered further in the analyses.
Behavioural analyses
Pain intensity ratings on the VAS were converted to a 0 (No pain) to 100 (Worst pain imaginable) scale according to the cursor position on the VAS for each trial. Trials for which the cursor was not moved or was still moving at the end of the 3500 ms VAS screen were removed from the analyses (mean=1.17% of trials, SD=1.86). Pain intensity ratings were analysed using a three-way mixed model ANOVA with the stimulation Group (Anodal, Cathodal, Sham) as the between subjects factor, and the Pain Condition (Pain, No Pain) and Frame Type (Hands, Faces) as within subjects factors. The main effect of Group on the rating of pain frames was investigated with Bonferroni corrected pairwise comparisons.
ERP preprocessing and analyses
All EEG analyses were performed within Matlab 8.1 (The MathWorks, Inc., Natick, MA) using the EEGLAB toolbox (Delorme and Makeig, 2004) with the ERPLAB plugin (Lopez-Calderon and Luck, 2014) for ERP analysis. The data were first bandpass filtered at .1 and 30 Hz. An additional 60 Hz notch filter was used to reduce electrical power-line noise. Stimulus-locked epochs were then created by segmenting the filtered data from 200 ms before the test clip onset until 1000 ms after the test clip. Channels were considered bad if the kurtosis value of their data distribution exceeded a threshold of ± 5 or if they were manually identified as bad during visual inspection. Bad channels were removed and interpolated using spherical spline interpolation. After bad channel interpolation, independent component analyses were used to remove from the signal components that were associated with eye blinks, movements or other obvious artifacts. Epochs were then baseline corrected by subtracting the average value of the 200 ms prestimulus period. Epochs containing differences over 50 µV between adjacent samples, values exceeding ± 100 µV or that were marked as bad during visual inspection were removed from the analyses. Artifact rejection led to the removal of approximately 11% of the data (SD=11.80%), with a similar rejection rate in all groups and conditions, as confirmed with a Group×Frame Type×Pain Condition mixed model ANOVA carried out on rejection rates (all ps > .05). The data were re-referenced to the average of all electrodes and the reference electrode used during recording (Cz) was added to the data. Epochs were finally averaged according to the Pain Condition (Pain, Neutral) and the Frame Type (Faces, Hands).
Components of interest were measured as the mean amplitude between two latencies selected based on inspection of the grand average of all participants and previous studies using similar stimuli. The P2 was scored as the mean amplitude between 170 and 230 ms, the N200 was scored as the mean amplitude between 200 and 300 ms (Fan et al., 2014) and the LPP as the mean amplitude between 400 and 800 ms Groen et al., 2013; Sheng and Han, 2012) . The components were measured at locations obtained by averaging the activity of six electrodes located around the Fz, Cz and Pz locations [Fz sensors#: 4, 10, 11, 16, 18, 19, Cz: 7, 31, 55, 80, 106, 129 and Pz: 61, 62, 67, 72, 77, 78, see Fig. 1B] . Three mixed-model ANOVAs, one for each component, with the within-subjects factors Electrodes, Pain Condition and Frame Type and the between subjects factors Group were used to assess the statistical significance of the effects.
Mu rhythm suppression preprocessing and analyses
Time-frequency analyses were performed independently from the ERP analyses using the FieldTrip toolbox (Oostenveld et al., 2011) . The same preprocessing steps used in the ERP analyses were employed with the exceptions that longer epochs were used (−1000 ms to 2500 ms relative to the stimulus onset) and no baseline correction was performed prior to the time-frequency analyses. Epochs containing differences over 50 µV between adjacent samples, values exceeding ± 150 µV or that were marked as bad during visual inspection were thus removed from the analyses. The mean rejection rate (9.96%, SD =11.30%) was similar to the one obtained for the ERP analyses and did not significantly differ between group and conditions (all p > .29). Time-frequency representation of the oscillatory activity was obtained by applying a Fourier transformation with a Hanning taper in sliding time windows with a fixed length of 500 ms and moving in steps of 50 ms. Power was calculated between 5 and 30 Hz in steps of 1 Hz and subsequently normalized relative to a subperiod of the pre-stimulus fixation cross (−500 ms to −300 ms). Mu suppression was measured as the average normalized power in the 8-13 Hz band between 0 and 2000 ms after stimulus onset.
The effect of the experimental conditions on the mu rhythm suppression was assessed at the same Cz cluster used for ERP analyses and at two additional clusters centered around C3 (sensors#: 29, 35, 36, 41, 47, 42) and C4 (sensors#: 111, 110, 104, 103, 93, 98) and analysed using a four-way mixed model ANOVAs with the stimulation Group as the between-subjects factor and the Electrodes, Pain Condition and Frame Type as the within subject factors.
Psychophysiological recordings
Skin conductance phasic signal changes were downsampled to 100 Hz and low pass filtered using a 5 Hz Butterworth filter. The amplitudes of all skin conductance responses (SCR) equal or greater than .005 μS in a window of 1-4 s after the beginning of the visual stimulus were summed for each trial. Since SCR is well-known to habituate quickly (Bradley et al., 1993) , only trials from the two first experimental sessions were analysed (20 trials/condition). SCR data was not available for three participants due to equipment failure. Sample size per group for SCR analyses were thus 16 Anodal, 15 Cathodal and 14 Sham participants. Heart rate (HR), in beats per minute (BPM), was extracted from ECG data and averaged across the duration of the first two seconds of the visual stimulus. SCR and HR were subsequently averaged for each participant and condition and analysed using a three-way Group×Pain Condition×Frame Type mixed-model ANOVA.
Results
Behavioural results
The average pain ratings for each group and condition are shown in 
N200
The four-way ANOVA carried-out on the N200 amplitude revealed significant main effects of Electrodes [F(2, 90) =84.54, p < .001, ƞ . This interaction was due to overall higher amplitudes for the N200 component in the Anodal group for the Fz and Pz clusters, but not at the Cz cluster. The time-course of the ERPs and the difference waves for each group and condition at the Cz cluster are shown in Fig. 2 and the mean amplitudes for each component at each location are shown in Fig. 3. 
LPP
The same analysis carried out on the LPP component indicated a significant four-way interaction [F(4, 90) 
Mu rhythm suppression results
There was a significant main effect of Electrodes [F(2, 90) =3.31, p=.044, ƞ 
Physiological measures
The mixed-model ANOVA carried-out on skin conductance re- M.-P. Coll et al. Neuropsychologia 100 (2017) . These effects indicated that SCR responses were higher for hands frames than faces frames and that there were trend level effects for higher SCR for pain relative to neutral frames, and for higher SCR in the Anodal and Cathodal groups compared to the Sham group. No interaction between the factors reached significance (all ps > .14). The same analysis carried-out on HR revealed no significant main effect or interaction (all ps > .12). Mean SCR and HR for each group and condition are shown in Fig. 6 .
Discussion
The aim of the current study was to investigate the effects of anodal and cathodal tDCS stimulation of the rTPJ on cerebral, physiological and behavioural responses to pain in others. It was hypothesised that compared to a sham stimulation, excitatory/inhibitory stimulation would respectively increase and decrease vicarious pain responses associated with the cognitive understanding of the experience of others, especially for stimuli depicting emotional-communicative cues (i.e. facial expressions of pain). The pattern of results obtained show mixed support for the initial hypotheses. Cathodal tDCS decreased the intensity of the pain perceived in others for both sensory and emotional-communicative cues and the relative LPP amplitudes for emotional-communicative cues only. No effect of anodal tDCS was observed on any of the measures.
Experimental studies provide considerable evidence for the idea that self-other control plays a crucial role in the assessment and response to the emotional states of others (e.g. De Guzman, 2016; Lamm et al., 2016; Steinbeis and Steinbeis, 2015) . The increase of selfother control through behavioural training has been shown to increase empathic responses and self-reported empathy (De Guzman et al., 2016) . It is thus plausible that decreasing self-other control through inhibitory stimulation of the rTPJ would decrease empathic responses, by making observers less able to overcome their own emotional states when assessing the state of others (Silani et al., 2013 ). In the current study, this idea was supported by two main findings. Participants that had received inhibitory stimulation to the rTPJ considered the pain observed in others as less intense than participants from the other groups, and this behavioural change was accompanied by a relative reduction of the difference between late LPP ERP response for facial expressions of pain and neutral expressions. The LPP amplitude is known to reflect the motivational salience of stimuli (Hajcak et al., 2010) and to decrease with manipulations decreasing the saliency of pain cues (Coll et al., 2016; Fan and Han, 2008) . Thus, while the LPP effects were present only for the emotional-communicative cues of pain and not for the sensory cues, the behavioural effects were not distinguishable for these two types of cues. This discrepancy suggests that the decrease in behavioural intensity ratings observed for both emotional-communicative and sensory are due to different cognitive mechanisms and that processing of stimuli that are more social in nature, such as facial expressions, is more susceptible to be influenced by rTPJ stimulation and may be more appropriate to study higher level responses related to empathic processes.
An alternative account for these findings is the idea that changes in others' pain perception for facial expressions could reflect an alteration of the participants' ability to recognise the emotional state of the target. Indeed, the TPJ is part of an extended system involved in extracting information from faces (Haxby and Gobbini, 2011) and its inhibition could interfere with the recognition and the assessment of emotional stimuli. Future investigations should attempt to disentangle the effect of stimulation of the TPJ on the assessment of facial expressions from its effect on empathic responses to these expressions by contrasting emotional judgements to the judgments of other facial features (i.e. gender).
While the typical changes in amplitude for pain stimuli was observed for the P2 and N200 ERP components and the typical mu rhythm suppression to hands in pain was observed, no interaction between any of these effects and the effect of the tDCS stimulation was observed. Similarly, physiological skin responses tended to increase for pain stimuli relative to neutral stimuli, but this was not influenced by the stimulation. These results are in line with the initial hypotheses suggesting that the tDCS stimulation of the rTPJ would have no effect on measures associated on measures indexing the affective component of empathy, that is, early ERP responses, physiological arousal and the sensorimotor resonance indexed by the mu rhythm. This is in line with propositions that the affective and cognitive-evaluative components of empathy are supported by different neural networks (Fan et al., 2011; Shamay-Tsoory et al., 2009 ) that show different time-course during empathic responses (Fan and Han, 2008; Gu and Han, 2007) . While additional research is certainly needed to accurately determine the timing of the different neurocomputational processes involved in empathy and their interaction, the present results add to the idea that they are at least partly independent.
Contrary to the initial hypotheses however, excitatory tDCS of the TPJ did not influence any of the behavioural or physiological measures. This could be explained by the fact that, like other stimulation effects (Benwell et al., 2015) , the effects of the stimulation of the rTPJ seem to depend on the baseline performance of participants. Indeed, while excitatory stimulation of the rTPJ does not to improve the performance of participants on tasks requiring the attribution of mental states to others (Mai et al., 2016; Santiesteban et al., 2015) , inhibitory tDCS stimulation or repetitive transcranial magnetic stimulation of the rTPJ can impair performance on these tasks (Costa et al., 2008; Mai et al., 2016; Young et al., 2010) . This suggests that since typical adults are generally very good at traditional mental states attribution tasks, their performance cannot be improved by stimulation but it can be impaired. Future studies should assess if anodal stimulation can lead to relative changes in participants showing lower empathic responses prior to the stimulation or in clinical populations with empathy impairments.
The interpretation of the results from this study is limited by the absence of a control stimulation site and the lack of prestimulation measures allowing the investigation of baseline level responses on the effect of stimulation. The static stimuli presenting painful situation or facial expressions without context also represent a limit of the current design since their ability to elicit an ecological and complete empathic response is relatively low, especially in the case of the hands stimuli. The results from this study should be assessed in the future using more ecologically rich social stimuli of pain with appropriate contextualisation. Immerging people in empathic yet controlled interactions using virtual reality seems a promising avenue in this direction (Jackson et al., 2015) . Another important limitation of this study is the absence of ratings for self-experience. While several models of empathy suggest that the use of one's own affective experience is important to understand the experience of the observed other (Decety and Jackson, 2004; Bird et al., 2014) , the fact that participants were free to always focus on the others' experience probably limited the amount of self-other control necessary to complete the task. It should also be noted that while the effects observed are attributed to changes in self-other control, domain general accounts of rTPJ function have been proposed and could also partly explain our results (Cook, 2014; Mitchell, 2008) . Further studies should attempt to validate the specificity of the rTPJ involvement in social processes by obtaining concurrent measures of attentional processing of non-social stimuli. Finally, while only the rTPJ was stimulated in this study, some studies suggest a bilateral involvement of the TPJ in certain social processes (e.g. Santiesteban et al., 2015; Sheng et al., 2014) . The role of the left TPJ in pain empathy should therefore be investigated in future neurostimulation studies.
In conclusion, it was shown that inhibitory tDCS stimulation of the rTPJ can decrease the intensity of the pain perceived in others and the accompanying cerebral response. The current results support the idea that the rTPJ plays an important role in empathy, presumably by controlling self-other control processes. If replicated, these results suggest that the rTPJ is a valid stimulation target to study self-other control mechanisms in socio-emotional processes such as empathy. Future studies should attempt to replicate these findings and extend them to more ecological assessment of empathic responses, such as social interaction and prosocial behaviours.
Conflict of interest
Authors declare no conflict of interest.
